Abstract. Soil samples collected from field plots before onset of fertilization trials and after seven years of cultivation with annual P additions of 0, 30 or 60 kg ha -1 , were analyzed for water-soluble P (P") and acid NH 4 -acetate-extractable P (P AAc ). I'l all soil samples, the P test values correlated closely (r = o.93***). However, they differed significantly in the clay soils where P AAc amounted to 59-96 Vo of P w . In the coarser soils, the acetate solution extracted 70-365 Vo of the water-soluble P, but the difference between the methods remained insignificant. In both soil groups, the molar ratio of NH 4 F-P to oxalate-soluble Al explained 90 Vo or more of the variation in the P test values.
Introduction
A great deal of fertilizer P is known to accumulate in acid soils. In Finnish soils, the retention of superphosphate P by soil constituents and the low solubility of rock phosphate have been demonstrated in detail by Kaila (e.g. 1961 Kaila (e.g. , 1963 Kaila (e.g. , 1969 . With time, the accumulation of P may alter the rate of fertilizer needed. Although newly added P is more readily available to plants than residual reserves, the yield response to freshly applied P decreases when the residual P level is high (Mattingly and Widdowson 1963) . Longterm residual contributions of P fertilizer to crop yields and P uptake have been shown in numerous studies (e.g. Campbell 1965 , Bailey et al. 1977, Halvorsson and Black 61 JOURNAL OF AGRICULTURAL SCIENCE IN FINLAND 1985) . Thus, it is important that the P tests used as the basis for P fertilization recommendations are sensitive enough to describe the changes in P resources.
A previous paper of Hartikainen (1989) reported changes in various inorganic P fractions in soil samples from a series of long-term field experiments as a result of different P fertilization regimens. In the present study, the same material was used to compare the P test values obtained by the water extraction and by the acid NH 4 -acetate extraction applied in routine soil testing in Finland. The dependence of the P test values on inorganic P fractions was investigated statistically.
Material and methods
The soil samples were collected from 16 field trials consisting of plots cultivated for seven years without P addition or fertilized annually with superphosphate in quantities corresponding to 30 or 60 kg of P ha '. The control samples were taken from the experimental fields before onset of the trials. The characteristics of the experimental soils and the methods of soil analyses are given in the first part of this study (Hartikainen 1989) .
Acetate-soluble P ( = P A a c ) was extracted according to Vuorinen and Mäkitie (1955) ; the air-dried and 2 mm sieved soil samples were shaken in triplicate for 1 h with acid NH 4 OAc (0.5 M CH 3 COOH, 0.5 M CH r COONH 4 , pH 4.65) at a soihsolution ratio of 1:10 (w/v). The extracts were analyzed for P by a molybdenum blue-stannous chloride method of Kaila (1955) . Water-soluble P ( = P w ) was extracted by a modified van der Paauw and Sissingh method at a soihsolution ratio of 1:60 (w/v) (Hartikainen 1982) and analyzed by a molybdenum blue-ascorbic acid method (Anon. 1969) .
Results
The P test values in soil samples collected from the experimental field before onset of trials and from plots fertilized in total with 0, 210 or 420 kg of P ha 1 are listed in Table 1 .
In all soil samples, the acetate-soluble and water-soluble P were closely correlated (r = o.93***, n = 64) and their mean values (11.4 and 11.7 mg kg ', respectively) were about equal. However, in various textural soil groups these methods seemed to extract P incongruently: in the clay soils P AAc amounted to 59 -96°/o of P w , whereas in the coarser soils the range was decisively wider, 70 -365 %. The relationship between the P test values (mg kg~') conformed to the equations:
clay soils: In fact, the paired t-statistics revealed that the estimates for soil P obtained by NH 4 OAc extraction and those by water extraction differed significantly in the clay soils, whereas in the coarser ones the differences remained statistically insignificant. The soil samples were classified as to their P content according to the advisory P test calibration scheme given in Table 2 (except that the extractability was expressed in mg kg'). The rating in Table 3 reveals that a cumulative P addition of 210 kg ha^1 did not affect the P AAc concentration classes of the clay soils, but raised them in four coarser soils (7, 11, 14 and 15) that had initially been ranked as fair or rather poor in P. When the water extraction results were interpreted by using the P level limits given for the NH 4 OAc extraction test, the P class was raised in five soils (3, 6,8, 9 and 11) that had originally been categorized as rather poor to good in P (Table 3) . Very heavy P dressings (totally 420 kg ha~') were needed in five soils to upgrade the P class according to the NH 4 OAc extraction, and in one soil accord- Table 3 . Rating of soil samples for P according to the acid NH 4 OAc test (AAc) and the water extraction test (W) before and after P fertilization trials (1 = poor, 2 = rather poor, 3 = fair, 4 = satisfactory, 5 = good, 6 = high).
After total P addition (kg ha-') of In order to compare the testing methods in more detail, the relation between P w and P AAc was studied also within individual P classes. The correlation coefficients were: rather poor or fair soils r = 0.12 (n = 27), satisfactory soils r = 0.58** (n = 24) and good soils r = o.9s*** (n= 13). The paired t-statistics revealed, however, that the P test values did not differ in soils classified as satisfactory, whereas they differed significantly in soils of the other categories: in the lower P classes acetate tended to extract more, and in the higher classes it extracted less than water did.
Discussion
The affinity of a given inorganic P fraction to desorb P into water has been found to be controlled by the quantity of the corresponding sorption component (Hartikainen 1982) . This seemed to hold true also for acid NH 4 -acetate soluble P which was closely correlated with the molar ratio of NH 4 F-P ("Al-P") to oxalate-soluble Al. Furthermore, both P test values correlated with the ratio of NaOH-P ("Fe-P") to oxalate-soluble Fe in the clay soils but not in the coarser soils, where the variation in the Fe content was very wide and, thus, despite the same "saturation degree" the soil samples might markedly differ in their content of free active sorption agents (cf. Hartikainen 1982) . In the first part of this study (Hartikainen 1989 ) the H 2 S0 4 -soluble fraction was found to be quite inactive, for which reason P was hardly desorbed from these reserves, at least in the water extraction.
The correlation coefficients for the relation between the P test values and the inorganic P fractions investigated in the first part of this study (Hartikainen 1989) are presented in Table 4 . In the clay soils, both P test values correlated closely with the P extracted by NH 4 F and NaOH, in the coarser soils with the P soluble in H 2 S0 4 . However, the molar ratio of NH 4 F-P to oxalate-soluble Al was a factor that explained the variation in both test values to a marked degree, whereas the corresponding molar ratio NaOH-P/Fe explained the variation only in the clay soils. Accordingly, the increases in the P test values seemed to be related to the increase in the NH 4F-P: in the clay soils the r values were 0.86** and 0.67* for P w and P AAc ; the respective values in the coarser soils were 0.50* and o.7s***.
The sorption of P is reversible with respect to changes in pH, and increases as the pH decreases (e.g. Muljadi et al. 1966 ). The differences in P quantities extracted by the methods compared may partly be attributable to the dissimilar pH of the contacting solution. In the water extraction, the pH depends largely on the soil acidity. In the acetate method, on the contrary, the extraction takes place in acid buffered (pH 4.65) conditions, which may enhance the resorption of dissolved P. In fact, in soils with pH>5.O, P w was higher than P AAc .
Both P test values were, on average, of the same magnitude. Average extraction results or regression equation may, however, give too approximate estimates of the equality of two methods in routine soil testing. From the practical point of view, it is important to know how markedly the methods differ in individual soil samples. When the extraction results were interpreted by using the same scale of P classes, half of the control samples were identically ranked by both P testing methods, three control samples were ranked higher and five soils were ranked lower by water than by NH 4 OAc. A similar variation in the reactivity of soil P with respect to these extractants can be seen in the data published by Sippola and Jaakkola (1980) .
The soil material was too limited to allow any far-reaching conclusions to be drawn, but the different fertilization backgrounds seemed to change P w more than P AAc , and to alter the P classes more sensitively when the rating was based on P" instead of on P AAc .
This response is similar to that found by Prummel (1980) in a long-term fertilization study where the P-citr (1 % citric acid) and P-AL (ammonium lactate-acetic acid) increased less than P w . In the present study, the changes found in a given soil by the NH 4 OAc extraction test generally were not obtainable by the water extraction test, and vice versa. According to the NH 4 OAc test, long-term cultivation without P fertilization lowered the P class in three soils (3, 4 and 12) which had originally been rich in secondary P and had been ranked as satisfactory or good. Water extraction revealed a reduction in five soils (1, 5,7, 11 and 16) the P status of which ranged from rather poor to satisfactory.
If the ranges used for the P rating scale are the same regardless of the P extraction method, the rating for many samples differs by one class. This, in turn, means that fertilization recommendations based on the NH 4 OAc extraction test are not necessarily valid in the system based on the water extraction test. For instance, ifthe data in Table 3 are employed for fertilization recommendations according to the advisory soil test calibration scheme (Anon. 1986) , in the clay soil samples the P fertilizer requirement for grasses, cereals, leguminous or oil plants is, on average, 10 kg ha^1 lower in the P w than in the P AAc system.
In coarser soils, on the contrary, the rating system based on P w more often increases the recommended P dosages. However, in two subsamples of soil 9 there would be no need for P addition.
The most striking difference between the rating systems was found in soil 15; the water extraction ranked its P level as being rather poor irrespective of the fertilization history, whereas according to the NH 4 OAc extraction test it was fair and further improved by fertilization. In practice, this means that the P fertilization recommendations for most crops would differ by 20 kg ha -1 .
The superiority of NH 4 OAc to water in extracting P from this soil and the differences found in the many other samples suggest that the extractability of P by the solutions compared are controlled by dissimilar factors.
